Introduction
Temperate mountain ranges exert an influence over regional climate and hydrologic processes far in excess of their spatial extent. Through orographic capture of precipitation they serve as the major source of water supply for large areas [Barros and Lettenmaier, 1993] . A good understanding of the spatial distribution of snow water equivalence (SWE) is necessary to predict the timing and volume of runoff, and in complex mountainous terrain the distribution SWE within a watershed is highly variable in time and space and is dependent on elevation, slope, aspect, vegetation type, surface roughness, radiation load, and energy exchange at the snow-air interface [Bar- . Several studies suggest that the sublimation of blowing and drifting snow is strongly dependent upon wind speed [Lee, 1975; Liston and Sturm, 1999; Pomeroy, 1988; Schmidt, 1972; Tabler, 1975] and may be a substantial component of moisture loss in windy environments [Dozier et al., 1987; Pomeroy, 1988] . Much of the spatial heterogeneity of SWE in alpine regions is the result of redistribution by wind, and avalanches and sloughing may also move considerable amounts of snow to valley bottoms [Elder et al., 1991] . Elevation is important in determining temperature and precipitation gradients along hillslopes; temperature gradients determine where precipitation falls as rain and snow and contribute to variable melt rates within a hillslope. Our understanding of hydrology-influencing processes has grown commensurate with an increase in computing ability and geographical information systems. Process understanding includes topographically based redistribution of soil water based upon principles of hillslope hydrology [Beven and Kirkby, 1979; Wolock and Price, 1994] , snowmelt accumulation and ablation [Bales and Harrington, 1995; Cline, 1995; Leavesley et al., 1983] , and the complex role of vegetation in affecting evapotranspiration, soil moisture, snow accumulation, and surface roughness Famiglietti, 1992 The research reported in this paper is an application of the Regional Hydro-Ecological Simulation System (RHESSys) [Lammers, 1998 ], and New Hampshire. Model evaluation, when conducted, was against measured stream discharges, forest growth, and snow depletion. For this exercise our simulation results were compared against digital orthophotographs of a remotely sensed snowcovered area as well as discharge records. We tested whether the simulations were more representative of both discharge and snow-covered area with three corresponding modifications to the model that were made in order to better represent mountainous watersheds. First, we partitioned all hillslopes into a series of equal width elevation bands in order to compute elevationally based temperature and precipitation gradients and simulate the differential timing and rate of snow accumulation and melt along each hillslope [Lammers et al., 1997; Lammers, 1998 ]. Second, we used a topographic similarity index, In(A/tan/3) [Beven and Kirkby, 1979] , to imitate the redistribution of snow by wind and sloughing. Finally, we computed wind speed-driven sublimation from the snow surface and from snow in transport. The primary goal of this application was to determine how adequately snow distribution could be modeled with algorithms that require only commonly available climate drivers at a daily time step. This application demonstrated the need to model snow redistribution and winddriven sublimation in order to capture the timing, amplitude, and duration of discharge in a windy mountainous watershed.
The Study Area The Loch Vale Watershed (LVWS) is located in Rocky
Mountain National Park, about 80 km northwest of Denver, Colorado. It is a 660 ha, northeast facing basin that contains two permanent ice fields, Andrews Glacier and Taylor Glacier. water from glaciers, which is probably not significant to the hydrologic budget.
More than 80% of the basin surface consists of bedrock outcrop and active talus slopes, 2% is drift glaciers, and 18% is vegetated [Arthur, 1992] 
Model Description
RHESSys is a spatial data processing and simulation system that computes water and carbon budgets of terrestrial ecosystems; it operates at a daily time step and for multiple years [Band et al., 1991 and, for this application, to model snow redistribution. The TSI was computed as In(A/tan/3), where A was the upslope area drained per unit contour and/3 was the local slope [Beven and Kirkby, 1979] . The TSI showed the propensity of a given location to become saturated which was related to high TSI values. Normally, TSI will be greatest in areas of topographic convergence; this corresponded to hollows and valley bottoms near the streams where water tends to accumulate. When using the TSI to govern snow redistribution we assumed that snow transport generally follows the flow paths of water, that snow is moved downhill off of steep slopes to areas of topographic convergence and low gradient, and that redistribution of snow occurs within hydrologically independent hillslopes. The validity and limitations of these assumptions will be discussed. Although LVWS is 80% bedrock and talus slopes and 20% soil covered, we believe this application of TOPMoDEL was appropriate. In LVWS, exposed bedrock is primarily in the highest elevations, talus is at the base of steep bedrock slopes, and wetlands and forest soils are in the lowest elevations bordering the streams. Large fields of talus have interstices that contain fine material; shallow groundwater is stored in these boulder fields as well as soils [Campbell el al., 1995] . We believe that rain and snowmelt run off the more impermeable surface and shallow soils in the upper elevations to the talus and soils near the streams where water is delivered rapidly to the stream by piston-type displacement of shallow groundwater. Therefore much of the streamflow in LVWS originates from the delivery of water to saturated source areas.
Terrain Partitioning
Prior to simulation, the watershed to be modeled can be subdivided into a three-level hierarchy including hillslopes, elevation bands, and TSI intervals; hillslopes are the largest where Qe [Liston, 1995] was the turbulent exchange of latent heat flux (j/m2/day). Q e was dependent on the daily estimated wind speed, Uz,½st (2), and was negative when sublimation occurred. There was no condensation when Qe was positive. The snowpack had no density or water-holding capacity. No heat was advected into the snowpack by rain events. Snowmelt and rain falling on snow were directly routed into either the soil compartment or were lost as runoff.
3.3.3. Snow redistribution. Elevation partitioning allowed for differential timing and rates of snow accumulation and melt by creating a vertical temperature gradient within a hillslope. Some variation in snow accumulation may, however, be missed by elevation partitioning due to variation in wind, exposure, aspect, and slope [Baker and Weisberg, 1995] . To partially account for this variability, snow was redistributed within each hillslope based on the distribution of the TSI in that hillslope and was calculated as snow = snOWaw -/•I A -ln(tL) I alpine tundra and that vegetation below 3350 m was coniferous forest. Biome-specific parameters were used for evapotranspiration, photosynthesis, and respiration calculations. Saturated hydraulic conductivity was derived from a detailed digitized soils map showing wetland soils, forest soils, tundra soils, bedrock outcrop, and talus [Walthall, 1985] . For bedrock surfaces, LAI, soil rooting depth, and hydraulic conductivity were set to very small values. Slope, aspect, and TSI values were calculated from the DEM. TSI was computed with fractional downslope flow paths using the method of We have focused our discussion of parameters to those that most directly influence discharge, snow accumulation, and snow ablation. The temperature melting coefficient, a t (3), the snow redistribution parameter, tx (7), the wind-scaling constant, U avg (2), and elevation band width were all determined by calibrating daily and annual discharge for 1986-1987 and 1991-1992 by minimizing a least squares objective function. Discharge and snow distribution were also dependent on the temperature lapse rate and the difference between the base isohyet (iSOhb) and site isohyet (isohs) in (1), but isohyet values were not adjusted in the process of calibration. The temperature lapse rate, the decrease in air temperature with increase in elevation, was calibrated at -4øC/km; this rate was also determined by Marks et al. [1992] . The base isohyet (iSOhb) was set to the average annual precipitation in LVWS (1080 mm), and the site isohyet (isohs) was approximated at 1500 mm; this increased simulated basin average precipitation by 13% over what was measured at the weather station (Table 1) .
Snow Photogrammetry
Snow-covered area images were produced from panchromatic orthoimages of LVWS. The orthoimages were produced from 1:12,000 aerial photographs using digital photogrammetric techniques. Because of large discrepancies between ground control positions determined from differential GPS and from the 7.5 min U.S. Geological Survey (USGS) topographic map of the area, the photographs were rectified using the less accurate map positions to achieve better registration to the 30-m database of the project. The map positions of approximately 45 prominent features (e.g., peaks, lake inlets and outlets) were identified using a digitizing tablet. The elevations of those positions were determined using the 30-m DEM. Using these ground control points, four photographs for each flight date were corrected for terrain distortions using the 30-m DEM.
The orthoimages were generated with a pixel size of 5-m to permit greater precision in the identification of snow-covered areas.
Digital classification of snow from panchromatic imagery was problematic in rugged terrain, where deep shadows were common. In general, snow-covered areas that were in deep shadow had a similar brightness to unshaded bare rock, and snow-free shaded areas had a similar brightness to dense, unshaded forest cover. In an eight-bit brightness range of 0-255, a midrange brightness threshold of approximately 160-170 was used to successfully classify unshaded snow cover from all other components within the orthoimages. Shaded snow could not be easily classified on the basis of digital brightness values alone, so these areas were manually digitized. The 7% of the watershed that was forested presented additional difficulties for snow classification, as the canopy brightness was similar to bare ground despite the relatively consistent snow cover beneath the canopy. Therefore the forested areas were also manually digitized. Since much of the ground in these areas was obscured by the canopy, deeply forested areas were classified Although more elaborate approaches could have been used to possibly improve the snow classification, such methods were not deemed necessary in this case. Most of the snow cover in this particular watershed was classified easily using the threshold technique, with only a small percentage requiring the subjective approach of manual digitization. Also, by classifying at a higher spatial precision than required by the final product, a final product was generated that visually appeared to represent the snow cover extremely well. The simulated hydrographs and basin average SWE were not as sensitive to elevation band width as they were to the degree of snow redistribution. For average basin SWE the difference between using 200-m and 500-m bands was more noticeable than the difference between using 500-m and no bands (Figure 7a) , implying that 500-m bands did not produce a substantial climate gradient within hillslopes. Elevation bands affected the timing of discharge more than total annual discharge. In the lowest elevations of the watershed, narrower elevation bands (with lower average elevations than wider bands) allowed warmer temperatures, increasing early season melt rates and initial peak discharge; as the melt season progressed, the snow in the lower elevation bands was in an advanced stage of depletion relative to the higher elevation bands, and less than the total basin contributed melt, decreasing late summer discharge (Figure 7b) . Without elevation bands, air temperatures were more uniform across the basin, and once melt began, the total basin contributed melt. There was little change to total annual discharge when elevation band widths were changed. On the basis of hydrograph calibration and to allow for fairly continuous precipitation and temperature gradients within each hillslope, 200-m bands were chosen for subsequent runs.
Increasing u a,,g (2) decreased the estimated daily wind speed at each TSI interval (Sz,est) and consequently decreased the total amount of sublimation due to turbulent transfer, the sum of qstatic in (6) and qtrnsprt in section 3.3.2; u•,,g was set to (7.5 m/s), a value of the distributed wind speed (Figure 5) (Figures 8a-c; Table 1) . For 1987 the model did not capture many of the short-term spikes of discharge. For three dates in late summer 1994, August 28, August 31, and September 1, rain events of 57, 20, and 15 mm, respectively, were recorded and discharges of 16, 11, and 12 mm, respectively, were simulated while measured discharges were between only 4 and 5 mm for those same days. It is possible there was a malfunction in the Loch outlet stilling well after the 57-mm rain event on August 28 that affected subsequent discharge measurements. Within the available LVWS weather record, there were no other recorded precipitation events of 40 mm or greater when air temperatures were above freezing to which measured outflow could be compared. Given the amount of rain on August 28 and the measured discharge following smaller precipitation events, we believed measured discharge for late summer 1994 was undermeasured.
Simulated total annual sublimation was in agreement with previously reported estimates for LVWS. Minimum and moderate estimates of average annual sublimation from 1984 to 1988 reported by Baron and Denning [1992] and derived from literature were 1.73 x 10 6 m 3 (263 mm) and 2.62 x 10 6 m 3 (398 mm), respectively, or 33% and 50% of the average annual measured snowfall during those 5 years (assuming precipitation after September 30 and before May 15 was snow). RHESSys' 6-year annual average sublimation was 296 mm/yr (Table  2) , or 44% of the average measured precipitation after September 30 and before May 15 during these 6 simulation years. More than 60%, 192 mm/yr, of simulated annual sublimation was due to transport of blowing snow, 83 mm/yr was sublimated from the snow surface (6), and 21 mm/yr was sublimated from the vegetation canopy.
RHESSys' estimate of evapotranspiration (that excluded sublimation) was also in agreement with that of Baron 1986  22  87  206  315  80  28  108  1987  20  104  160  284  82  30  112  1991  21  76  185  282  90  28  118  1992  19  81  153  253  96  25  121  1993  27  90  274  391  63  24  87  1994  18  62  175  255  94  30  124   6-year  21  83  192  296  84  28 There was an agreement between the simulated and observed spatial distribution of snow (Figures 9a-9d) . Both the images and the simulations showed that snow tended to accumulate in the valleys of Andrews Creek and Icy Brook, and both showed snow-free areas just west of the confluence of Andrews Creek and Icy Brook and snow-free areas just east of Taylor Glacier where there was steep terrain. Both the images and the simulations showed a tendency for the south facing slopes near the northern portion of the watershed to have snow-free areas (Figures 9a-9d) . A noticeable discrepancy between simulated and observed snow cover was at the windscoured tundra area near the eastern border of LVWS where the images showed little snow cover and the simulations showed shallow snow cover (Figures 9a and 9b) . Although the greatest amount of sublimation was simulated on this eastern ridge (Figure 10 ), sublimation losses did not fully account for the effects of wind scouring. Another discrepancy between simulated and observed SCA occurred for the June 13 simulation; the images showed little snow cover in the lower elevations near the Loch, and the simulations show deep snow accumulation in this area because of the higher than average TSI values there (Figure 9d) .
To examine the relative effects of using elevation bands and snow redistribution, we examined modeled output for May 7, 1994. The range of SWE modeled within the basin was much greater with snow redistribution than without snow redistribution. Simulated SWE within the basin for May 7 ranged from 0 mm to just over 800 mm without redistribution, while the maximum simulated SWE was more than 10 times as great when snow redistribution was used (Table 4) . For a few cells where the TSI was near its maximum value in the watershed, snow redistribution resulted in SWE that was unrealistically high (>9000 mm).
Using snow redistribution reduced simulated SCA and in general produced a better match between observed and simulated SCA (Figures 9b and 11) . Both with and without snow redistribution, there was a tendency for the deepest SWE to occur in the stream valleys ( Figure 11) ; this indicates that reduced sublimation in the valleys where wind speeds were dampened, in addition to snow redistribution, contributed to greater simulated snow accumulation in the stream valleys.
When snow redistribution was implemented, the lack of elevation bands (Figure 11a ) allowed warmer temperatures to exist at the highest elevations of the watershed, increasing melt and decreasing SCA, and appeared to estimate observed SCA (Figure 9b, left) better than did 200-m bands (Figure lib) . However, in LVWS it was likely that the scouring of snow by wind, rather than melt, reduced the SCA at these high elevations.
Discussion
Hydrographs were well represented by RHESSys, and simulated total annual discharge was within _+10% of measured for all simulated years except 1987. RHESSys underestimated the magnitude of short-term spikes of measured discharge, and this was particularly true for 1987. In generating the input data layers for this application, we approximated soil rooting depth and hydraulic conductivity from general vegetation and soil map layers, respectively, since detailed soil properties were not known; we would expect better discharge estimates with more accurate basin-wide measurements of soil properties that account for fine-scale heterogeneity.
Redistributing snow according to the TSI introduced a spatial variance in simulated SWE that improved estimates of discharge and snow distribution, even though snow distribution patterns were not correct everywhere in the basin. Redistributing snow according to the TSI simulated the effects of gravity on the movement and deposition of snow but failed to capture other components of the redistribution of snow such as scouring, drifting, and transport of snow in directions other than downhill. The broad, flat tundra area on the east side of LVWS was exposed to extreme winds that scoured it of snow, and the wind-driven sublimation calculation partially accounted for this large moisture loss (Figure 10 ), yet RHESSys simulated shallow snow there. In addition, the snow redistribution algorithm could not transport snow outside of hillslope boundaries. No combination of the snow redistribution parameter, elevation bandwidth, and the wind-scaling parameter (that controlled the amount of sublimation) adequately captured the dynamics of snow redistribution in every portion of the watershed. Snow tended too strongly toward the base of the hillslopes, evident from the simulated deep snow that remained in the lowest elevations near the Loch for June 13 where the images showed a mostly snow-free area (Figure 9d ). Near the Loch there is a stand of trees where wind is dissipated and snow redistribution is greatly reduced. Although the distributed wind speed field that was used to calculate sublimation accounted for reduced wind speed in the trees, the snow redistribution algorithm did not. With the current snow redistribution algorithm the model assumed that the redistribution parameter was uniform within each hillslope in order to main- related to exposure and orientation could be calculated prior to simulation, as is the TSI, but incorporating such additional indices would require more data to parameterize the model. The snow redistribution algorithm would also need to be modified to allow the redistribution parameter to vary within a hillslope, and to allow snow to be redistributed across hillslope boundaries. However such modifications may stray from the current structure of RHESSys that assumes hydrologically independent hillslopes and would increase model complexity. This version of RHESSys will also need to be applied to other watersheds that differ from LVWS in their vegetation distributions, wind behavior, and size to fully evaluate RHESSys processes.
Summary
For the Loch Vale Watershed, RHESSys produced the best estimates of discharge and snow distribution when snow was redistributed. Elevation bands slightly improved the timing of simulated discharge, but total discharge annual discharge and snow distribution were not sensitive to elevation bandwidth.
For the majority of years, simulated daily discharge showed good agreement with daily measured discharge, but short-term peak discharges were sometimes underestimated. The modeled snow distribution showed reasonable agreement with the observed snow-covered area, particularly during the early melt season in April and May, but in June the simulated snowcovered area was too great in the lower elevations of the watershed.
Model performance could be improved with enhancements to the snow redistribution process. The snow redistribution implemented by RHESSys was an effective and computationally simplistic surrogate because it did capture a predominant snow redistribution process. On the basis of a topographic similarity index, the snow redistribution algorithm assumed that snow, transported by wind and sloughing, collected in the valleys, hollows, and low-lying areas with large contributing areas. However, redistribution according to the TSI alone did not capture all important factors that govern the redistribution of snow by wind, and snow-covered area was overestimated because the full effect of scouring could not be accounted for even with wind-driven sublimation. For better small-scale estimations of snow distribution in windy environments such as LVWS, a snow redistribution algorithm needs to incorporate the relationship of macroscale and microscale topography to predominant wind direction in order to determine potential deposition and scoured areas; however, this would increase the complexity of a model and the resolution, type, and quantity of required wind data.
Our study suggested that wind-driven processes such as snow redistribution and sublimation must be incorporated in a distributed hydrologic model applied to a mountainous (and therefore windy) basin such as Loch Vale Watershed in order to correctly estimate discharge and spatial heterogeneity of SWE. In addition to estimating the timing and magnitude of discharge, modeling snow distribution will be important to modeling biogeochemical processes that depend on the spatial distribution of soil moisture.
